ABSTRACT Alterations in daily urinary excretion of lead, 8-aminolevulinic acid (ALA), coproporphyrin, creatinine and total solutes following water restriction and water loading were examined in nine lead workers. Excretion of lead, ALA and total solutes was significantly decreased when urinary volume was reduced, showing that these values are dependent on urinary volume: conversely, excretion of coproporphyrin and creatinine was independent of urinary volume. Excretion of lead and total solutes was also dependent on creatinine excretion. The renal excretory mechanism of lead, ALA and coproporphyrin is discussed in the light of these findings.
The renal excretory mechanism of lead, 8-aminolevulinic acid (ALA) and coproporphyrin has not been fully elucidated. There is evidence that plasma lead is filtered at the glomerulus (Vostatl, 1963) and is also secreted from the tubules in chickens (Vostal and Heller, 1968) . Renal clearance of plasma lead is extremely low in man (Molyneux, 1964) . These observations suggest that plasma lead is filtered at the glomerulus and then largely reabsorbed by the tubules. There is little, if any, tubular secretion of lead in man. The pattern of renal excretion of lead may differ between precipitable and non-precipitable lead (Kawai, 1976) .
Under normal physiological conditions, 90-95% of the ALA filtered is thought to be reabsorbed in the tubules (Druyan et al., 1965; Suzuki and Suzuki, 1974) . The reabsorption rate decreases with increased serum ALA concentration (Berlin et al., 1956; Druyan et al., 1965) . The possibility that toxic damage to the renal tubules may contribute to the decreased reabsorption rate has been excluded 'This paper is based on part of a dissertation submitted for the degree of MSc in Occupational Medicine at the London School of Hygiene and Tropical Medicine, University of London. 'Present address: Department of Public Health, Tohoku University School of Medicine, Seiryo-machi, Sendai, Japan.
Received for publication 9 January 1978 Accepted for publication 23 February 1978 by animal experiments (Johnson et al., 1976) . Two mechanisms have been put forward to explain the excretory mechanism of coproporphyrin: filtration of coproporphyrinogen at the glomerulus (Miura, 1971) , and tubular secretion of coproporphyrinogen (Suzuki and Suzuki, 1966) . In either situation, coproporphyrin is formed by auto-oxidation of coproporphyrinogen during its passage through the urinary tract.
Some reports have suggested that urinary excretion of lead may increase in proportion to urinary volume (Webster, 1941; Taguchi et al., 1972; Sakurai and Kagawa, 1973) . As the levels of urinary lead, ALA and coproporphyrin, together with blood lead and erythrocyte free protoporphyrin and ALA dehydratase, are commonly considered to be definitive in the evaluation of lead absorption, it is necessary to assess any alteration in their excretion with changed urinary volume.
In this report, special attention is paid to the reabsorptive mechanism of lead, ALA and coproporphyrin in the renal tubules; the alteration in their urinary excretion following marked changes in urinary volume has been examined by means of water restriction and water loading.
Subjects and methods

SUBJECTS
The nine subjects (volunteers) were male lead workers. Their age, specific occupations, blood lead The nonparametric method of the Wilcoxon rank sum test was applied for the comparison of two groups with small sample size.
Results
The daily variation in urinary excretion of lead, ALA, coproporphyrin, creatinine, total solutes and urinary volume in each subject is shown in Table 2 . The interindividual variation was standardised by the formula Xi -,where Xi, X and SD represent SD the daily excretion of the substance examined, the mean of Xi and the standard deviation of Xi in each subject, respectively. The standardised values of all the subjects were plotted against the corresponding urinary volume. The excretion of lead, ALA and total solutes was significantly reduced when urinary volume was less than 075 1/24 h, and tended to increase with urinary volume (Figs. la, b, c) . On the other hand the excretion of coproporphyrin and creatinine was constant.
The daily excretion of lead, ALA, coproporphyrin and total solutes was then plotted against the corresponding creatinine excretion. The excretion of these substances was expressed by the formula SD as before. The excretion of lead and total solutes was significantly reduced when creatinine excretion was lower (below the mean minus standard deviation), and tended to increase in proportion to urinary creatinine excretion (Figs. 2a, b) . The excretion of ALA and coproporphyrin was independent of that of creatinine.
Discussion
In this study it is difficult to consider the possibility of the extramobilisation of lead and other substances from body tissues into the circulation by excessive water intake, because renal plasma flow and glomerular filtration rate are not expected to increase following such an intake. Glomerular filtration rate varies little with body hydration (Renkin and Gilmore, 1973) , as shown to some extent by the present study, in which creatinine excretion was not significantly dependent on urinary volume. The regulatory mechanism of the proximal tubule does not seem to be influenced by the amount of filtered fluid, as the reabsorption of water is characterised as iso-osmotic and secondary to active reabsorption of solutes in the proximal tubule (Giebisch and Windhager, 1973) . On the other hand, final urinary volume is determined by the net reabsorption of water through the collecting duct which is surrounded by the hypertonic medullary interstitium. The filtered fluid is concentrated there until its osmotic pressure is as high as that of the surrounding fluid in the presence of antidiuretic hormone (ADH). of the lining epithelium of the distal convoluted tubule and the collecting duct. Therefote, if the excretion of any urinary substance is affected by urinary volume, it means that the substance undergoes modification mainly by the distal tubule and the collecting duct. The urinary excretion of creatinine could be considered to be an approximate index of glomerular filtration, though it is reported that creatinine is secreted by the proximal tubule of man to a certain extent (Levinsky and Levy, 1973) .
As shown in Fig. 2 , the excretion of lead is closely related to that of creatinine. Therefore, lead is considered to be filtered by the glomerulus. This reasoning is supported by an experimental result by Vostal (1963) . The decrease of lead excretion correspondingtoantidiuresis (Fig. 1) suggests that there is a tubular reabsorptive mechanism under such conditions. The result may not be attributable to decreased renal plasma flow and glomerular filtration rate because creatinine excretion did not significantly decrease under the influence of antidiuresis. Because of the existence of glomerulartubular balance in the proximal tubule (Gertz and Boylan, 1973) , the excretion of lead should be determined ultimately by the urinary flow rate through the distal tubule and the collecting duct.
ALA should be reabsorbed, not only actively by the proximal tubule, but also by the distal tubule and the collecting duct. The final urinary excretion of ALA should be related far more to the reabsorptive mechanism of the tubules than to the glomerular filtration. This may explain why ALA was not significantly dependent on cieatinine excretion. Coproporphyrin could not be considered either to be filtered by the glomerulus or reabsorbed by the tubules. It should be formed by auto-oxidation offiltered or secreted coproporphyrinogen passing through the urinary tract. Total urinary solutes are filtered by the glomerulus and reabsorbed by the tubules. Their high dependence on urinary volume may be partly due to overloading in the case of overhydration.
The results obtained in this study indicate also that even 24-h urinary samples are not valid for the evaluation of lead absorption under certain circumstances. Similarly, in view of the positive effect of urinary volume on the excretion of lead, ALA and total urinary solutes, and the non-significant effect on that of coproporphyrin and creatinine, it is not considered reasonable to adjust the excretion of lead and ALA to that of urinary creatinine in order to minimise the effect of urinary volume, nor to adjust coproporphyrin to total urinary solutes.
Instead, lead and ALA should be adjusted to total urinary solutes, i.e. urinary specific gravity or osmolality. These points will be discussed in another 
